Compliant bistable mechanisms are monolithic devices with two stable equilibrium positions separated by an unstable equilibrium position. They show promise in space applications as nonexplosive release mechanisms in deployment systems, thereby eliminating friction and improving the reliability and precision of those mechanical devices. This paper presents both analytical and numerical models that are used to predict bistable behavior and can be used to create bistable mechanisms in materials not previously feasible for compliant mechanisms. Materials compatible with space applications are evaluated for use as bistable mechanisms and prototypes are fabricated in three different materials. Pin-puller and cutter release mechanisms are proposed as potential space applications.
Introduction
Bistable mechanisms are proposed as a potential solution for latching or deploying space systems such as deployable solar arrays [1] . When a deployable structure is in its stowed configuration, a compliant bistable mechanism may be employed as a release device. Smaller bistable mechanisms may be embedded into the matrix of the substrate to functionally lock the structure in its deployed configuration. Creating such mechanisms using compliant mechanism theory results in devices that are easily fabricated and do not create friction or require lubrication.
Compliant mechanisms perform their function through the elastic deflection of their members. The advantages of compliant mechanisms include increased performance, reduced or eliminated assembly, no friction or wear, fewer parts, lower cost, and lower weight. These advantages make compliant mechanisms ideally suited for space or aerospace applications, where low weight and no lubrication are desirable [2] .
Compliant bistable mechanisms [3, 4] gain their bistable behavior from the energy stored in the flexible segments, which deflect to allow mechanism motion. This approach integrates desired mechanism motion and energy storage to create bistable mechanisms with dramatically reduced part count compared to traditional mechanisms incorporating rigid links, joints, and springs. As a deflection is applied to the mechanism, it rapidly transitions from one stable position to the next. The force-deflection response for a typical bistable mechanism is illustrated in Fig 1. An optional preload stabilizes the mechanism for lower force inputs.
Compliant bistable mechanisms can be used in space applications as switches, latches, or relays, thereby eliminating friction and improving the reliability and precision of those mechanical devices. Further, the bistable mechanism does not require power to be held in either of its stable positions. Such mechanisms could be integrated into deployment systems as non-explosive release mechanisms.
Background

Compliant Space Mechanisms
Compliant mechanisms have many advantages for space or aerospace applications and significant performance gains are possible with the introduction of compliant mechanism technology [2] . Current space-related applications of compliant mechanisms are largely limited to flexures in precision instruments such as optics. Flexures were also used in the wheels of the Mars Science Laboratory and Mars Exploration Rovers to provide suspension. Flexures have also been used to compensate for different coefficients of thermal expansion in different materials [5] . A compliant hinge providing 90 degrees of rotation was recently developed as a potential hinge for deployable booms on spacecraft [6] and compliant elements have been proposed for use in deploying booms [7] .
Bistable Mechanisms
Compliant mechanisms can achieve bistable motion without bearings or friction. They can be designed to provide precise state positions. Compliant bistable mechanisms, such as that shown in Fig 2, have potential application in space systems as switches, latches, or as an alternative to pyromechanical release devices [8] [9] [10] [11] . Bistable mechanisms are flexible devices with two stable equilibrium positions. A pseudo-rigid-body model (PRBM) [12] is shown for a generic translating compliant bistable mechanism in Fig 3. The PRBM is overlaid on the bistable mechanism in Fig 4. The compliance in the mechanism is modeled by the inclusion of torsional and linear springs where 1 =12, where b is the material thickness (into the page). The PRBM is useful for initial design to find bistable configurations; then finite element analysis (FEA) is valuable to verify and refine the design. The PRBM gives reasonably accurate deflections and rougher approximations for stress.
Compliant bistable mechanisms [3, 4, [13] [14] [15] take advantage of stable minimum-energy points in their geometrically nonlinear elastic energy curves. These mechanisms are specifically engineered so the energy stored in the deflected mechanism can be quickly released when the device is actuated. This approach integrates desired mechanism motion and energy storage to create bistable mechanisms with dramatically reduced part count compared to traditional mechanisms. As a deflection is applied to the mechanism, it rapidly transitions from one stable position to the next, as illustrated in Fig 1. Bistable mechanisms have an established history, especially in micro devices [13, [16] [17] [18] . Their application to macro devices, particularly in metals, and for space applications is a subject of current interest. The Bearing Active Preload System (BAPS) [19, 20] uses bistable mechanisms to apply a high preload during launch and a low preload during flight. The bistable mechanisms are SMA-actuated, but must be manually reset in the current design. The ability of bistable mechanisms to maintain two distinct positions without requiring external energy has shown promising applications in robotics [21] [22] [23] . Bistable mechanisms together with dielectric elastomer actuators were proposed for robotics for planetary exploration [24, 25] . They have also been proposed for use in architectural structures [26] as well as in origamiinspired structures and mechanisms [27, 28] . Tape springs have often been used in cube-sats and proposed for other space applications to enable bistability of space structures [29] [30] [31] . Bistable composites and laminates have also been developed for active shape control [32] [33] [34] [35] .
It is desirable to develop bistable mechanisms in metals because metals are more robust than polymers in many situations and can withstand the harsh environments that space imposes. Metals can withstand higher loads than polymers and are less susceptible to creep and stress relaxation. They are also thermally and electrically conductive, which can be desirable for certain applications, including actuation.
Release mechanisms
Release mechanisms have been developed in response to the need to anchor deployables to the spacecraft body for launch and flight, and then to be released on electrical command. Pyromechanical release devices [8] [9] [10] [11] are common release mechanisms in aerospace applications. The have a fast response and are well understood, but are costly, one-shot devices, that apply pyro-shock loads to the spacecraft when fired.
Release mechanisms can be divided into pyromechanisms and non-explosive release mechanisms. Pyromechanisms can be further subdivided into (1) separation devices (which carry heavy loads, to be released on command), (2) cutters, and (3) pin pullers. A pyromechanism is characterized by pyro-shock, which can be from 1000-3000 g's for small pyros, and up to 20,000 g's for large pyros. From [8] , "the load is applied so fast that the stresses at the point of application do not reach the mass of the structural element before the next increment of load is applied; i.e., the loading is being applied faster than the material can respond, and a shock wave is induced in the material."
Non-explosive release mechanisms are characteristically slow, have lower force output, and are difficult to time. However, they do not cause shock loads like those associated with pyromechanisms. Burn-wire mechanisms, paraffin actuators, and shape-memory metal release mechanisms all have less shock, but have slower actuation times, are more complex, and can be less robust than pyromechanisms.
Materials selection
An integral part of designing CMs for space applications is material selection. For compliant mechanisms, we often consider the strength-to-modulus ratio of a material as a measure of its fitness for compliant applications. For space mechanisms, weight becomes critical as well. Table 1 compares the ratio of material yield strength to elastic modulus and density (S y /(EÃρ)) for commonly used materials in the space industry. Amorphous metals rank highest, followed by aluminum alloys 7050 and 7075, and then titanium, Elgiloy, and Inconel 718 (see Table 1 ).
Aluminum has the lowest density of all the materials considered. Tantalum is very dense, but it is a refractory metal, highly corrosion resistant, and heat resistant. Invar, like tantalum, has a low coefficient of thermal expansion, making it ideal for optics.
Bulk metallic glasses (amorphous metals) are a new area of materials research. They can have high fracture toughness, although they are also characterized by a low ductility [36] [37] [38] [39] [40] . Metallic glasses are strong due to their lack of defined grain structure, but also have an elasticity comparable to conventional metals. The absence of microstructural defects also improves their resistance to corrosion [38] . Metallic glasses, with their exceptional yield strain, are an excellent prospect for compliant space mechanisms.
Bistable Mechanism Design
Several iterations of the bistable mechanism design are illustrated in Fig 5. Fig 5a shows the basic form of the bistable device. Fig 5b and 5c show the addition of thicker midsections to the flexible beams. Such midsections are common on early bistable devices, but were included primarily because of the limitations on analytical methods; the pseudo-rigid-body model for small-length flexural pivots was originally used to model these flexures [12] . Such segments may also improve the stability of the mechanism by directing the flexible segments through a more defined motion.
Finite element analysis was used to determine the effect on performance of these thicker midsections. A brief analysis of the effects is shown in Fig 6 and Table 2 . The thicker segments increase the bistable actuation force slightly, which helps the mechanism hold its second stable position. However, the stress is also increased with the addition of these thicker segments; the longer the thick segment, the greater the force and stress increase. 
Mechanism Description
A bistable compliant mechanism was developed with properties suitable for potential application as a release mechanism in space systems. An amorphous metal, or bulk metallic glass (BMG), was selected because of its properties described earlier. As with other metals, metallic glasses are corrosion-resistant and able to withstand the harsh environment of space. It is also noteworthy that metallic glasses can be manufactured by a process similar to injectionmolding for plastics [41] . This has the potential to reduce manufacturing and labor costs. The composition of the alloy selected for the design was 41.2% Zr, 13.8% Ti, 12.5% Cu, 10% Ni, and 22.5% Be (Vitreloy 1). The pertinent material properties are S y = 1.8 GPa and E = 95 GPa. Metallic glasses have a high strength-to-modulus ratio, which is an important characteristic for compliant mechanisms because it means the material will allow a larger deflection before failure [12] . The mechanism presented in this paper was designed to evaluate the performance differences between metallic glass (specifically, Vitreloy 1) and titanium (Ti-6Al-4V). The basic design for the bistable device is illustrated in Fig 2. The material properties for Ti-6Al-4V are S y = 825 MPa and E = 110 GPa. The part was also rapid prototyped from extruded ABS as an early demonstrator of the model (see Fig 7) . The relevant material properties used for the ABS design and analysis are S y = 36 MPa and E = 2 GPa. The design parameters are listed in Table 3 .
The bistability of the device is irrespective of the thickness of the material, but the actuation force is increased with increasing thickness (i.e., increasing compliant beam width). All designs were made for 3 mm thick sections. The shuttle should snap between two stable positions, with the second position bringing the shuttle just into contact with the base. Fig 2 defines the pertinent design parameters that can be changed or optimized to give a feasible design.
The compliant deflection was modeled using the pseudo-rigid-body model (PRBM), as shown in Fig 3. Figs 8 and 9 show the predicted energy and force curves for the three designs, as determined by the PRBM. These models were then analyzed using finite element analysis and prototypes were fabricated and tested.
The finite element model for the bistable mechanism is a membrane model using ANSYS PLANE182 elements with mid-side nodes. The mesh, shown in Fig 10, was created by specifying the number of divisions along each of the lines in the model. The compliant segments required a finer mesh because they will undergo large, nonlinear deflections. The outer geometry goes through less displacement and can therefore have a coarser mesh. The finite element analysis is displacement-controlled, where the total displacement was applied over 60-70 load steps, depending on which material is being modeled. 
Results
Several bistable compliant mechanisms were manufactured from titanium (Ti-6Al-4V) and metallic glass (Vitreloy 1) by wire-EDM [41] . The performance of the two materials was compared through two controlled designs. The main design parameters are listed in Table 3 . The two mechanisms were manufactured to maintain the same safety factor, or same ratio of the yield strength to the maximum stress. This resulted in a titanium device that was more than twice as long as that of metallic glass mechanism due to the large difference in material properties. The two mechanisms were also manufactured with identical geometries. The safety factor for the metallic glass mechanism is over two, while the safety factor for the titanium mechanism is equal to one. With such a low factor of safety, it is likely that the titanium mechanism experienced local yielding. To compare performance, the identically sized titanium and metallic glass flexures were tested in a load frame to determine the force-displacement behavior. The results of the test are described in [41] , where it can be seen that the mechanisms exhibit bistability with a clear intermediate instability point. The two materials exhibit roughly the same response because they have comparable stiffnesses, but the strength of the metallic glass is twice the strength of the titanium, thereby doubling its factor of safety.
Finite element analysis was used to verify and refine the design and to determine the maximum stress in the compliant members. The ANSYS finite element model consists of 10,000-20,000 PLANE182 elements, varying with the size of the mechanism. The mesh was refined along the compliant flexures and the motions were examined over 60-70 steps. The FEA results predicted a bistable response, with force and displacement predictions accurate within 80% [41] . The maximum stress in the finite element model was measured and is plotted in Fig 11. The yield strengths for metallic glass and titanium are indicated in the plot. This illustrates the difference in safety factors for the two materials with identical geometries. There is a difference between the FEA results and experimental results for the second stable equilibrium positions. The FEA assumes a rigid-fixed condition while the hardware necessarily has some elasticity even for the relatively rigid components and connections. This difference is seen most in areas of higher deformations, such as the unstable equilibrium position and the second equilibrium position. Fig 12 shows an example of the different stress states in the finite element model during the simulated displacement. The highest stress state (Fig 12b) occurs partway through the deflection, when the compliant beams are under a high compressive load. The maximum stress state There is a complex interplay between geometry and material properties that affect bistability. Table 4 lists the key parameters for bistability, which are all interdependent. The parameters θ, l c , t, h 1 , and w 1 (as defined in Fig 2) all affect bistability and stress. Table 4 summarizes the effect of these parameters on bistability and stress. We defined an improvement in bistability as as increase in the force required to reset the mechanism from its second stable position to its first (as fabricated) position. As can be seen from the table, the dimensions l c and t will be driven by the constraints of the manufacturing process and design space; optimizing the design will drive t to its minimum thickness and l c to its maximum allowable length.
Proposed Applications
Compliant bistable release mechanisms can be used as non-explosive release mechanisms at a fraction of the cost and weight of traditional release mechanisms. Compliant bistable release mechanisms would eliminate the challenges of having explosive charges on the spacecraft. They can be compact compared to other alternatives, thereby reducing weight. They will enable systems to be testable and resettable. Other advantages of compliant bistable mechanisms are that they can accommodate integrated thermal actuation to change state and they only require power to change states, not to maintain state (this means much lower power requirements than many alternatives). Bistable mechanisms share many of the same desired characteristics of explosively actuated mechanisms in that they respond rapidly upon triggering, are capable of high force output, and can be designed so that they only require minimal amounts of activation energy to release large amounts of stored energy. A major advantage of bistable mechanisms is that the actuation is easily reversed for repeated testing and the tested hardware can be flown, which is not possible to do with pyromechanisms.
Actuation of bistable mechanisms differs from that of current explosive and non-explosive release mechanisms. While it is possible that a similar method could be used to actuate bistable mechanisms, such as the use of shape-memory materials [42, 43] or the heating of the bistable flexures to trigger them into their second position, we also investigated more rapid actuation methods. Because a small input displacement can actuate a bistable mechanism from its second stable position to its fabricated position, this is one of the simplest methods of activation. A prototype of a magnetically actuated mechanism, shown in Fig 13, uses a 3A-12V electromagnetic linear actuator to demonstrate this type of actuation. In the prototype, a push-pull electromagnet was used; however, a device such as a solenoid actuator would be more ideal for the final design due to its greater efficiency. The prototype was 3D-printed out of PLA filament. The electromagnet provides a force of 8.9 N (2 lbf) at a gap of 1.6 mm (0.063 in). The prototype was designed such that the electromagnet would provide just enough force to trip the mechanism into its fabricated position from its second stable position.
The prototype in Fig 13 demonstrated the effectiveness of electromagnetic actuation of bistable mechanisms. The benefits of such a system include the fact that much less input force from the linear actuator is required to activate the system than is output by the bistable mechanism; when the mechanism is in its second stable position (Fig 13 (left) ), an input force of 8.9 N actuates the mechanism and outputs 40 N. This allows a high magnitude force to be preloaded into the deployment mechanism before launch, and requires only a small electrical pulse to release the stored energy almost instantaneously.
Two basic release mechanisms, a pin-puller and a cutter, were chosen to evaluate the possibilities of using the developed bistable mechanism as an alternative to pyromechanical release mechanisms. Due to the nature of the high output force requirements, the frame of the mechanism was closed and additional compliant legs were added to the design to increase the transition force. The prototypes were 3D-printed in PLA.
A bistable version of a pin-puller release mechanism is shown in Fig 14. The puller is designed so the bistable mechanism makes contact with the pin only after the legs have moved well past the unstable position. The contact position is such that the bistable mechanism engages with the pin while it is in the high-force region of its displacement. In its movement from the unstable position to the pin-contact point, the bistable mechanism gains momentum which aids in breaking the pin free from the static friction caused by the loading on it. The bistable mechanism, then in its high force region, would then pull the pin free.
The cutting mechanism demonstrator shown in Fig 15 was designed using the same bistable configuration that was developed for the puller. The additional compliant legs and the increased width of the mechanism provide a higher force for cutting wires and cables. The mechanism is designed such that the cutter engages with the wire or cable while in the highforce region of the shuttle deflection. The momentum gained in the travel from the unstable position to the engagement position aids in the initial cutting. As the blade cuts through the material, it meets the mandrel in a preloaded position that maintains high force between the blade and mandrel, thus ensuring a complete cut.
The 3D-printed prototype release mechanisms demonstrate potential applications for bistable mechanisms. To be used in space, the bistable release mechanisms would be manufactured in bulk metallic glass or titanium. Finite element analysis reveals that if the same design used in the pin-puller and cable cutter prototypes was fabricated in BMG rather than plastic, forces of over 400 N (90 lbf) could be achieved, ensuring that these mechanisms can be tailored to meet a variety of load requirements. These mechanisms could be easily incorporated into current space vehicles and satellites without requiring major modifications. An artist's rendition of a cable cutter for deploying antennae on a cube-sat is shown in Fig 16. Future work would include determining the robustness of the mechanisms during launch. Stiffness of the device can be tuned so that natural frequencies do not coincide with the launch vibration spectrum. The mechanism should also be oriented perpendicular to the application of undesired loads or vibrations to reduce the chance of misfire. 
Conclusion
Compliant bistable mechanisms are proposed for space applications as switches, latches, or relays, thereby eliminating friction, improving the reliability and precision, and enabling testing of these mechanisms. Such mechanisms could also be integrated into deployment systems as non-explosive release mechanisms.
Analytical and numerical methods have been presented to analyze monolithic bistable mechanisms. The models were exercised to successfully develop monolithic metal bistable mechanisms. This achievement is significant because the high stiffness of metals makes their use in monolithic bistable mechanisms challenging. This work has led to their use in space applications because of increased reliability, less variation in force response, low susceptibility to stress relaxation while in stowed configuration, and less susceptibility to temperature variations and out-gassing when compared to materials more traditionally used in monolithic bistable mechanisms. Flight applications for compliant bistable release mechanisms include deployable structures, camera covers, launch locks, force sensors, maximum load indicators, and shutter mechanisms. The technology developed to create these devices can be extended to other areas of space-related research, including gradient alloys, amorphous metals, and flexible electronics. The technology can also be extended to other industries. The relatively simple design has the potential to reduce part count and improve the reliability of mechanical systems. In mechanisms that undergo similar motions, compliant bistable mechanisms should be considered as an alternative to current methods.
